Abstract The great scallop Pecten maximus is harvested in several European countries and fisheries targeting this species are severely regulated by fishing quotas. In addition, hatchery-based population enhancement has been developed in some countries to provide alternative or complementary production. The genetic structure of wild populations of P. maximus and the potential impact of aquaculture on the genetic diversity of this species remains poorly documented. In this study, we explored the genetic structure of P. maximus using 12 microsatellite markers, considering 14 populations sampled from Galicia (Spain) to the North of Norway, and one population of Pecten jacobaeus (L., 1758) from the Lion Gulf (Mediterranean Sea). Results indicated a clear differentiation between Norwegian and Atlantic (from Ireland to Spain) populations, but very little to no difference between populations within these two groups. A decrease of the genetic diversity was observed with latitude. No significant reduction of the genetic diversity was observed in the Bay of Brest, where hatchery-based population enhancement has been performed intensively since 1983. Our results are discussed in the light of the inferred recent evolutionary history, phylogeography and connectivity of populations in Europe, and of the phenotypic variability reported in previous studies between northern and southern populations.
Introduction
The great scallop, Pecten maximus (L., 1758), is a benthic marine bivalve, which is broadly distributed in shallow waters along the European coasts, from northern Norway to southern Spain. This species is of high economical value, mainly in U.K. and France, with landings reaching 63,681 tonnes in 2012 (Beaumont and Gjedrem 2006; FAO 2015) . Although dredging of natural beds remains the main method of exploitation, sea-ranching has emerged as an alternative or complementary production solution. This is notably the case in the Bay of Brest (Brittany, France), where sea-ranching of P. maximus has been carried out since 1983. Following a particularly cold winter in 1962 -1963 (Dao et al. 1999 , stocks were severely depleted and sea-ranching was ultimately proposed to revive the local fishery (Dao et al. 1985) . Hatchery production of juvenile great scallops is now well mastered, although several aspects could still be optimized (Robert and Gérard 1999; Andersen et al. 2011) , and a few commercial hatcheries market significant quantities of scallop seed: 1-5 million seeds are produced yearly by Le Tinduff hatchery Electronic supplementary material The online version of this article (doi:10.1007/s10592-015-0760-y) contains supplementary material, which is available to authorized users. (Plougastel, France) . Similar initiatives are in development in northern Europe.
It is known that hatchery practices can significantly impact the effective population size of enhanced stocks, especially in bivalve species for which variance in reproductive success has been shown to be large (e.g. Boudry et al. 2002) . Restocking has been historically low in P. maximus, and is now linked to spatially limited aquaculture practices (Beaumont 2000; Minchin 2003) . Thus, the impact of transplantations and hatchery stocks on natural populations is therefore presumed to be low (Gaffney 2006; Hold et al. 2012 ). However, this issue has not been addressed thoroughly, yet. In France, the Bay of Brest is of special interest in terms of conservation, as population enhancement based on seed produced in the local hatchery (Le Tinduff, Plougastel, France) is well developed, and might have a significant impact on the local genetic diversity (Beaumont and Gjedrem 2006) . Indeed, landings of hatchery-born scallops are estimated to be around 2/3 of total landings in the Bay of Brest (Fleury et al. 2005) .
Knowledge of the genetic structure of wild populations is a key step to quantify the potential impact of restocking and aquaculture practices on natural resources. Genetic differentiation patterns over the whole geographic distribution of populations are shaped by multiple forces during the evolutionary history of species (e.g. gene flow, genetic drift, selection). In addition to natural forces, the genetic variability of wild populations can be affected by anthropogenic pressures (e.g. pollution, habitat fragmentation, translocations, harvesting) (Smith et al. 1991; Ma et al. 2000) . The great scallop, like many bivalve mollusks, can disperse over broad distances during its long planktonic larval phase (Le Pennec et al. 2003) . In the open sea, estimates of the planktonic larval duration (PLD) are 18-42 days (Le Pennec et al. 2003) . PLD is strongly influenced by water temperature, and larvae take a longer time to achieve metamorphosis in cold water. Hence, in laboratory condition, PLD has been assessed around 24-35 days at 18°C, and up to 65-78 days at 8-9°C (Beaumont and Barnes 1992) . Thus, larvae clearly display a high dispersal potential, which may be further increased in colder waters. Additionally, newly metamorphosed postlarvae can also migrate via byssus-drifting (Beaumont and Barnes 1992) . A larval dispersal model developed by Nicolle et al. (2013) has revealed an important dispersal potential at a small geographic scale. With regards to these results, population genetics could provide insights into gene flow patterns along the latitudinal gradient: gene flow might be higher in the northern than in the southern range of the species. Limited data are available about the population genetic structure of P. maximus along its distribution area. Genetic structuring has been described between Norway and the British Isles, using mitochondrial DNA (Ridgway and Dahle 2000) . Local studies have also been conducted, revealing a rather consistent pattern of population structuring with a large general homogeneity along Atlantic coasts, using allozymes (Beaumont et al. 1993) or mitochondrial DNA (Heipel et al. 1998 (Heipel et al. , 1999 Wilding et al. 1997) . Some hints about small scale structuring have been found with mitochondrial DNA in specific locations, i.e. Mulroy Bay (Wilding et al. 1997; Heipel et al. 1998 Heipel et al. , 1999 and east of the Isle of Man (Heipel et al. 1998 (Heipel et al. , 1999 .
Further studies have recently been conducted on phenotypic traits, suggesting a significant differentiation among great scallop populations. Chauvaud et al. (2012) have described differentiated growth patterns between ''northern'' and ''southern'' populations, with individuals from northern populations showing a slower growth but reaching a larger asymptotic size and a lower number of growth days per year. The authors suggested a possible effect of phenotypic plasticity without excluding a possible local adaptation associated with a genetic differentiation of populations. Another type of phenotypic variation, related to the timing of reproduction, has been observed between populations from Scotland, the Bay of Brest and the Bay of Saint Brieuc (France). Features of the reproductive cycle of transplanted scallops remained unchanged following population translocations, suggesting a genetic basis to these traits (Paulet et al. 1988; Cochard and Devauchelle 1993; Mackie and Ansell 1993) . A similar maintenance of the natural reproductive cycle has been reported in Norway with scallops transferred between populations along the coast (Magnesen and Christophersen 2008) . More recently, a proteomic study has revealed phenotypic differences between two populations sampled in Norway and France (Artigaud et al. 2014) . However, the genetic architecture of these phenotypic differences remains to be studied.
A sister species of P. maximus has been described in the Mediterranean Sea, Pecten jacobaeus (L. 1758). Several genetic studies have suggested that their phylogenetic status is unclear, showing low genetic (allozymes, 16S mtDNA and mitochondrial RFLPs) and phenotypic (shell morphology) differentiation between the two taxa (Wilding et al. 1999; Peña 2004, 2005) , leading authors to conclude that they could be considered as a single species. In this context, the relative status of these two taxa remains to be further characterized using microsatellites.
The present study reports a large scale population genetics study of P. maximus, based on 12 microsatellite markers. Populations from Norway to Spain, including the Bay of Brest, are considered in the analysis, as well as a Mediterranean population. This study is motivated by two objectives: (1) assessing the genetic structure of P. maximus along the European coasts and, and (2) giving a first insight of the influence of restocking practices on this structure.
Materials and methods

Studied populations
Fifteen populations were sampled from Bodø (Grønholmen, Norway) to the Gulf of Lion (France) (Fig. 1) . Twenty-four to forty-eight individuals were collected in each population sample (see supplementary material for details). A fragment of adductor muscle was sampled from each scallop and either preserved in 85 % ethanol or frozen at -20°C.
In the Bay of Brest, where hatchery-raised scallops are released in the wild, the natural origin of individuals was confirmed by checking the absence of a double growth ring on the shells, characteristic of hatchery-born individuals. A double growth ring results from a period of slow growth due to the stress associated with the drastic environmental change during the transfer from the hatchery cage to the natural sea bed (Fleury et al. 2005) .
DNA extraction and microsatellite genotyping DNA extraction was performed using the QIAamp DNA Mini Kit (Qiagen TM, Hilden, Germany), according to manufacturer's instructions. DNA concentrations were estimated using Nanodrop Ò , and then diluted to 10 ng DNA/mL.
Genetic variation at 12 microsatellite loci was assayed, including two multiplex sets of four markers each from Morvezen et al. (2013) (mx1 and mx2) and one newly developed multiplex of four additional microsatellites named mx4 (see supplementary material for details). The latter was developed following the procedure described in Morvezen et al. (2013) (see supplementary materials for loci statistics and multiplex parameters). Multiplex PCRs were conducted as described in Morvezen et al. (2013) .
Briefly, PCR amplifications were conducted with the Type-it Microsatellite PCR Kit (Qiagen TM) in a 10 ll reaction volume containing 5 ll of Type-it Multiplex PCR Master Mix 2X (including HotStarTaq Ó Plus DNA Polymerase, Type-it Microsatellite PCR Buffer with MgCl 2 , and dNTPs), 1 ll primer mix (see Morvezen et al. 2013 and supplementary materials for details), 1 ll Q-solution 5X, 2 ll RNase-free water and 1 ll diluted genomic DNA (10 ng). PCRs included an initial step: 95°C for 15 min, (94°C 30 s, 59°C 90 s and 72°C 90 s) 9 30 cycles, followed by a ''nested'' step (94°C 30 s, 55°C 90 s and 72°C 90 s) 9 8 cycles. PCR products were mixed with Hi-Di formamide and GeneScan 500-LIZ size standard (Applied Biosystems TM Carlsbad, CA, USA): 1 ll PCR product, 10 ll Hi-Di Formamide, 0.15 ll GS500-LIZ. After five minutes of denaturation at 96°C and a rapid cooling on ice, PCR products were electrophoresed on an ABI-3130 capillary sequencer (Applied Biosystem TM ). Fragment lengths and allele scoring were assessed with Genemapper 4.0 software (Life Technologies TM ).
Data analysis
Within-population diversity
Allelic richness, observed and expected heterozygosities, and locus specific F IS were estimated using Fstat 2.9.3.2 (Goudet 1995) . Population specific F IS were calculated using Genetix 4.05 (Belkhir et al. 2001) . The significance of F IS estimates was tested using 10,000 permutations, and a false discovery rate (FDR) correction for multiple testing was applied. The presence of null alleles was estimated using Microchecker 2.
(Van Oosterhout et al. 2004).
Multi-locus allelic richness, observed and expected heterozygosities were plotted against latitude to explore a possible latitudinal gradient in the genetic diversity, and correlation was tested using Pearson's correlation test with R 2.15 (R Core Team 2012). Linkage disequilibrium for each pair of marker in each population was estimated using Genepop 4.0.5 (Rousset 2008) . Effective population sizes were estimated using the linkage disequilibrium method implemented in LDNe 1.31 (Waples and Do 2010); P crit was set at 0.02, as recommended by the authors.
Population genetic structure
Global and pairwise F ST were estimated using Genetix 4.05, and significance was tested using 10,000 permutations. P values were adjusted using FDR correction for multiple testing. A multidimensional scaling (MDS) analysis was computed in R 2.15, using F ST (Weir and Cockerham 1984) linearized according to Slatkin's transformation (Slatkin 1995 ). Slatkin's transformation (FST/(1-FST)) allow FST to behave more like an Euclidian distance and thus is better suited to do MDS. Exact tests of genetic differentiation were conducted with Genepop 4.0.5 with 1000 dememorisations, 100 batches and 10,000 iterations per batch. Bayesian estimations of F ST were computed with EBFST v1.0 (Kitada et al. 2007 ).
An Analysis of Molecular Variance (AMOVA) was performed with Arlequin 3.5 (Excoffier and Lischer 2010) . Populations were aggregated into two clusters, found with the MDS analysis. The first contained Atlantic populations (RDA, RLB, BQB, RDB, BSB, PEB, PLY, IRL), and the second contained Norwegian populations (NRV, NFB, NVR, NBH, NTH, NBG); the Mediterranean population was excluded from this analysis. The genetic structure was assessed by variance analysis within individuals (F it ), among groups (F ct ), among populations within groups (F sc ) and among individuals within populations (F IS ) and the significance of the fixation indices was tested with 10,000 permutations. Allelic richness, heterozygosities and F IS were also compared between those two clusters with Fstat 2.9.3.2.
A Mantel test was performed to test isolation by distance (IBD) with Genetix 4.05 using the same genetic distance matrix as used in the MDS, and a matrix of geographic distances among populations. Geographic distances were assessed following the coast line, or, when not possible, following the shortest marine distance. The Mantel test was performed on all populations (excluding the Mediterranean population because of its outlier status, both genetically and geographically) and within each cluster of populations defined above (i.e. Atlantic and Norwegian populations), and significance was assessed by 10,000 permutations.
Results
Genetic diversity within populations
Multilocus allelic richness (A r ) ranged from 6.71 (NBH) to 8.43 (MPJ) (Fig. 2 ). Observed multilocus heterozygosity (H o ) varied from 0.60 (NBG, NTH, NBH) to 0.67 (MPJ & RDB) . Although all markers were initially developed for Atlantic scallops, the highest mean A r was observed in the Mediterranean population (A r = 8.43) and the lowest was found in the NBG, NTH and NBH samples (A r = 6.71-6.97; see supplementary material for details). Fig. 1 Among P. maximus samples, there was a significant decrease in A r with increasing latitude, as illustrated in Fig. 2 (Pearson correlation test, r = -0.92, p \ 0.001). A similar trend was observed for H o (data not shown, r = -0.75, p = 0.002). This latitudinal decrease in genetic diversity was not observed within either the Atlantic and Norwegian groups of populations (as defined below). No significant pattern of linkage disequilibrium was found: less than 5 % of each pair of marker tested on each population gave a significant result.
A moderate but significant heterozygote deficiency was found over all loci (see supplementary material). Five loci in particular showed recurrent heterozygote deficiencies across most populations (after FDR correction for multiple testing): PmRM007 and PmRM027 (five significant F IS estimates), PmRM71 (six significant F IS estimates), PmRM012 (eight significant F IS estimates) and PmRM043 (ten significant F IS estimates) (see supplementary material for details). The presence of null alleles was detected by Microchecker at three loci: PmRM007, PmRM027 and PmRM043. The estimated frequencies of null alleles for these three loci were respectively 0.06, 0.14 and 0.19. Interestingly, no null alleles were detected for PmRM012 and PmRM71.
Confidence intervals of all Ne estimates included infinity, which did not allow us to have a clear estimate of effective population size. However, the method used should not have any difficulties in estimating Ne if it was small (Waples and Do 2010); thus, we can at least conclude that Ne was large to very large in all our populations.
Population genetic structure
The Weir and Cockerham (1984) and the bayesian (Kitada et al. 2007 ) estimations of F ST gave similar results (data not shown). Only Weir and Cockerham (1984) F ST are described and discussed hereafter.
The global level of differentiation among all population samples was relatively high (F ST = 0.0291, p \ 0.001). We then tested if null alleles had a significant influence on the genetic structure by dropping the three loci with a high proportion of null alleles. Global F ST and confidence intervals were similar (Respectively, global F ST = 0.0291 (CI 95 % 0.0157-0.0472) and F ST = 0.0287 (CI 95 % 0.0160-0.0424), so all further results are given for all loci. All pairwise F ST comparisons including the Mediterranean population (MPJ) were significant (0.03 \ F ST \ 0.08) and generally higher than estimates among P. maximus populations (-0.05 \ F ST \ 0.06) (Table 1) . Moreover, all pairwise F ST comparisons between Norwegian and Atlantic P. maximus populations were relatively high and significant (0.02 \ F ST \ 0.06). In contrast, pairwise F ST were low (\0.01) and mostly non significant within both Atlantic and Norwegian groups. However, a weak genetic structure without any clear pattern was observed within both groups, as shown by a few moderately significant F ST . Negative values of F ST have been found indicating a slight sampling bias, and should be considered equal to zero (Balloux and Lugon-Moulin 2002) . The MDS illustrated the pattern of genetic differentiation shown with the pairwise F ST comparisons: axes 1 and 2 explained respectively (1) the difference between Norwegian and Atlantic populations, and (2) the difference between the Mediterranean population and all other populations (Fig. 3) . Exact tests of genic differentiation showed a similar pattern, with a highly significant differentiation between the Atlantic and Norwegian groups and the Mediterranean population. Interestingly, exact tests showed also a higher genetic structure within the Atlantic cluster, compared to pairwise F ST (Table 1 ).
The AMOVA revealed that 95.96 % (F it = 0.040) of the genetic variation was explained by variation within individuals, and 3.56 % (F ct = 0.036) by variation between groups (Atlantic vs Norwegian). Both were highly significant (p \ 0.001). Variation among populations within groups (F sc = -0.005) and variation among individuals within populations (F IS = 0.010) were not significant. These AMOVA results indicated a global genetic homogeneity both within each population and each group, but a significant genetic differentiation between the Atlantic and Norwegian groups.
Comparisons between the two groups of samples with Fstat showed a significant difference for R a (p = 0.001): Norwegian populations showed, on average, 0.9 less allele per locus than Atlantic populations. A slight but significant difference was also detected for H o (H o-ATL = 0.644, H o-NOR = 0.614, p = 0.03). However, no difference was detected in F IS values. The Mantel test for IBD was significant over the whole dataset (excluding the Mediterranean population) (n = 14, r = 0.83, p = 0.006) and also for the Norwegian group, despite our limited number of samples (n = 6, r = 0.73, p = 0.03). In contrast, no IBD was detected in the Atlantic group (n = 8, r = 0.29, p = 0.202).
Discussion Genetic variability
Overall, the genetic diversity observed in the present study was comparable to those previously reported using microsatellite markers on P. maximus (Watts et al. 2005; Hold et al. 2012 Hold et al. , 2013 , but higher than the diversity found with EST-derived microsatellites ). Levels of genetic variability were also comparable with Conserv Genet (2016) 17:57-67 61 studies on other scallop species (Sato et al. 2005; Kenchington et al. 2006; Arias et al. 2010; Marín et al. 2012) . Null alleles were detected in three out of twelve loci (PmRM043, PmRM007 and PmRM027). One locus (PmRM043) in particular displayed very large F IS values, which were most likely caused by a high frequency of null alleles. Null alleles are frequent in mollusks (McInerney et al. 2010) , and they can significantly bias genetic data, e.g. overestimation of F ST estimates (Chapuis and Estoup 2007) . However the population structure analysis performed with and without the three loci affected by null alleles gave comparable results (similar global F ST ), suggesting that null alleles did not have any impact on the reliability of our results. NRV 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** NFB 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** NVR 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** NBH 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** NTH 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** NBG 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 0.0000*** 
Population structure
Overall, microsatellite data showed that populations of P. maximus are clearly structured into two groups of populations: a Norwegian and an Atlantic group (the latter being composed of populations from Galicia to Ireland). Allelic richness and observed heterozygosities significantly differed between the two groups, with Norwegian populations displaying 0.9 less allele on average than Atlantic populations and 0.03 lower heterozygosity (p = 0.001 and p = 0.03 respectively). This difference could be due to a larger proportion of null alleles in Norwegian populations; however, this seems unlikely given the lack of significant differences in F IS values between both groups (a higher proportion of null alleles in Norwegian populations should induce higher F IS values). The clear structuring between the Norwegian and Atlantic populations is likely to be driven by the observed difference in allelic richness. As a result, the significance of the Mantel test over the whole set of populations might reflect this difference rather than overall IBD (see also below regarding IBD within groups). Although the great scallop can have a long PLD (24-78 days in laboratory conditions; Beaumont and Barnes 1992) and therefore great ability to disperse (O'Connor et al. 2007 ), the genetic difference between the two groups could result, at least partly, from hydrographic features within the northern North Sea, which may constitute a barrier to dispersal between Norway and the North Atlantic (Lee 1980; Huthnance 1991 Huthnance , 1997 Otto et al. 1990; Hislop et al. 2001) . In addition, the Norwegian Trench (100 km across, 300-700 m deep; Huthnance 1991) constitutes a barrier for benthic bivalves such as the great scallop (Rosenberg et al. 1996) , thus possibly reducing the connectivity between P. maximus populations from the western and eastern North Sea. The population structure assessed with microsatellites is consistent with results from previous investigations. Ridgway and Dale (2000) identified a clear differentiation between two Norwegian samples and twelve British and French samples (data from Wilding et al. 1997 ) using mitochondrial RFLPs. Discrepancies between levels of population differentiation using nuclear and mitochondrial genomes have often been observed in bivalve species (e.g. in the European flat oyster, Diaz-Almela et al. 2004) . Differences in effective population size related to the mode of inheritance, sex-dependant variance of reproductive success or sex-biased dispersal modes have been commonly proposed to explain such differences. In the case of the great scallop, no clear difference in terms of genetic differentiation can be noticed between mitochondrial and nuclear markers (allozymes: Beaumont et al. (1993) ; present microsatellite data). Hermaphroditism in the great scallop might indeed contribute to reduce eventual discrepancies between nuclear and mitochondrial markers. The congruent genetic structures observed between Norwegian and Atlantic populations for both types of markers support their phylogeographic significance.
A large population group with a very limited structure, ranging from the Iberian peninsula to the British Isles, and genetically differentiated from a more northern group, has been observed in other marine invertebrates: the flat oyster Ostrea edulis (Launey et al. 2002) , the green crab Carcinus maenas (Roman and Palumbi 2004) and the common cockle Cerastoderma edule (Krakau et al. 2012) . In most cases, a phylogeographical explanation has been proposed, suggesting that this genetic structure may originate from (Weir and Cockerham 1984; Slatkin 1995) . Acronym signification is given in Fig. 1 Conserv Genet (2016) 17:57-67 63 the existence of two glacial refugia: one southern, below the glaciated area and source of the Atlantic recolonization, and one northern, source of the Norwegian recolonization. Following this scenario, the genetic structure found in the great scallop would be thus explained by two independent recolonization events. However, in the case of P. maximus, a decreasing genetic diversity with latitude is apparent, thus supporting also the hypothesis of a single southern glacial refugium, with successive post-glacial (re)colonization events occurring firstly in the North-East Atlantic and later along the Norwegian coasts. According to this second hypothesis, the lower genetic diversity of Norwegian populations would thus result from founder effects that may have progressively reduced the diversity during successive (re)colonization events toward northern regions.
Norwegian cluster
The observed genetic structure of populations sampled along the Norwegian coast revealed small but significant IBD but no significant gradient in genetic diversity. Along Norway, currents flow northwards following the coast line, from the South (Skagerrak) up into the Arctic Ocean and the Barents Sea (Hopkins 1991) . As a result, it is possible that a gradient of genetic diversity exists but our data is not sufficient to detect it. However, longer PLD might blur such a gradient as it has been shown to be longer at low temperature in the great scallop (Le Pennec et al. 2003) .
Atlantic cluster
The weak genetic structure observed within the Atlantic group is less expected than within the Norwegian group. A very low level of differentiation from Spain to the British Isles could result from a lack of power of the microsatellite markers, failing to detect weak signals of genetic differentiation. Alternatively, this limited differentiation among Atlantic populations might be explained by regular (albeit low) gene flow over generations. High gene flow is likely to occur along French and British coasts, as P. maximus populations are found ubiquitously (Brand 2006) . However a stepwise migration model is unlikely between Galicia and France, as there is no significant IBD detected among these regions. There is a gap in the geographic range of P. maximus along the northern coast of Spain, as the continental shelf is too narrow (i.e. there is not much area displaying a compatible depth with the maintenance of a functional population of P. maximus) and water temperatures are too high (Brand 2006) . However, even though distances among populations are often too large to ensure a high connectivity, larvae could occasionally disperse over broad distances during exceptional events (e.g. wind-forced currents, storms). Genetic differentiation is not only driven by migration (or its lack of), but also by genetic drift. In our study, we could not estimate effective population sizes, most likely because they are too large and/or our markers are not sufficiently informative. So the lack of genetic differentiation along all the Atlantic coasts likely results from a combination of gene flow induced by larval dispersal and low genetic drift linked to large effective population sizes.
Comparison with phenotypic studies
The pattern of genetic structuring found in the present study can also be compared with the phenotypic variability observed in natural populations. Chauvaud et al. (2012) reported differences in shell growth patterns between ''Southern'' (from Spain to Wales) and ''Northern'' populations (from Scotland to North of Norway), and hypothesized that it could be due to phenotypic plasticity and/or genetic differentiation. We found a similar pattern of differentiation in this study, but the boundary between the two groups was placed slightly differently. Indeed, the combination of our study with those from Hold (2012) have shown that the ''Atlantic'' group (genetic-wise) expands from Spain to the northern North Sea. Further inquiries are needed to explore the mismatch between the phenotypic and genetic boundaries. Similarly, phenotypic differences observed in reproductive strategies between Saint-Brieuc Bay and Scottish populations (Paulet et al. 1988; Cochard and Devauchelle 1993) could also have a genetic basis. However, in our study, The Saint-Brieuc Bay population was not clearly differentiated (even if some F ST , albeit low, were significant). The use of non-neutral markers, identified using a genome-scan approach, could be useful for a further exploration of this question. The proteomic study of Artigaud et al. (2014) revealed a differentiation of proteomes between a Norwegian population and an Atlantic one. These results may partly be explained by the genetic structure observed here, although they are likely to be largely influenced by environmental factors (i.e. phenotypic plasticity).
Genetic differentiation of Mediterranean scallops
Aside from their geographic distribution, the two European scallop species can be distinguished on the basis of their shell morphology (Rombouts 1991) . Several genetic studies using allozymes (Rios et al. 2002) or mitochondrial DNA (Wilding et al. 1999; Peña 2004, 2005) have shown very little differentiation between the two taxa, suggesting that the separation of P. maximus and P. jacobaeus into two species may not be justified. Although microsatellites are clearly not appropriate markers to perform phylogenetic studies, it is interesting to note that no cross-species amplification problems and similar level of allelic richness were observed when genotyping Mediterranean samples using loci initially developed on Atlantic scallops. However, a comprehensive study remains to be conducted to explore thoroughly the taxonomic and phylogenetic distinction between P. maximus and P. jacobaeus.
Potential genetic influence of hatchery-based population enhancement in the Bay of Brest
The population of the Bay of Brest has potentially undergone a strong bottleneck effect caused by massive mortality in the winter of 1962 -1963 (Dao et al. 1999 , and has then been heavily stocked by a sea ranching program for approximately 30 years (Beaumont and Gjedrem 2006; Fleury et al. 2005) . Interestingly, we have not detected a lower genetic diversity (at any of the measured parameters) compared with other Atlantic populations, or any obvious alteration of the natural population, contrary to what could possibly be expected as a result of hatchery-based population enhancement (Beaumont and Gjedrem 2006; Gaffney 2006) . This is clearly shown by the magnitude of genetic diversity in relation to latitude: anthropogenic pressure has not affected the pattern of diversity resulting from the natural evolutionary history of the population from the Bay of Brest. This observation could be explained by several hypotheses: first, gene flow originating from outside the Bay of Brest may maintain a high level of genetic diversity within the population from the Bay. Alternatively, the reproductive success of hatchery-raised individual could be low in the wild, as seen in salmonids (Araki et al. 2007; Christie et al. 2012; Milot et al. 2013 ). In particular, seeding sites are obviously known by fishermen in the Bay of Brest, and this may result in a higher fishing pressure on hatchery-produced individuals than on wild individuals, thus drastically reducing their reproductive contribution. Furthermore, in some conditions of seeding, size of hatchery broodstock and reproductive success of hatchery-born individuals, Gaffney (2006) hypothesized an increase in effective population size due to the Ryman-Laikre effect (Ryman and Laikre 1991) in mollusk populations with large effective size in the wild, thus preventing any decrease of the genetic diversity. This effect has been confirmed in P. maximus in the Isle of Man by a simulation study (Hold et al. 2013) , and this may be also the case in the Bay of Brest. Finally, the high level of diversity within the population of Brest may result from good aquaculture practices at the Tinduff hatchery. Indeed, the broodstock used in this hatchery is renewed each year by sampling new genitors in the wild. Moreover, to produce the requested number of spat, up to 100-120 genitors can be used in a single year. Tettelbach et al. (2002) demonstrated that the potential reproductive success of hatchery-born individuals of Argopecten irradians irradians was similar to the potential reproductive success of wild-born individuals, but there was no differential fishing pressure taken into account. Similarly, a lack of impact of aquaculture practices was reported in the Japanese scallop Patinopecten yessoensis (Sato et al. 2005) in Japan, but some were found in hatchery production of the same species in China (Li et al. 2007 ). However, the magnitude of seeding and the renewal of the broodstock were very different than in the Bay of Brest. Moreover, in our study we sampled only the natural population, at one particular year. Sampling both natural and seeded populations, during several different years, will be necessary to continue exploring in details this question.
Conclusion and perspectives
P. maximus population structure appears to reflect both recent evolutionary history and actual pattern of connectivity: two clusters were observed, possibly originating from one or two glacial refugia. The observed genetic structure might be maintained by barriers to larval dispersal, like the Norwegian trench. This genetic structure does not seem to be impacted by anthropogenic pressure such as fishing and sea-ranching aquaculture. A more comprehensive study of the impact of sea-ranching practices, particularly in the Bay of Brest, is needed to (1) better understand the genetic and demographic interactions between stock enhancement through hatchery-based seeding and natural recruitment and (2) identify eventual adaptive changes related to hatchery-propagation or local adaption in a rapidly changing environment. Analyzing these issues could help developing a valuable model of a responsible management of an important marine resource, possibly transferable to others marine resources in need of better management. Finally, the limited results on the Mediterranean population analyzed in this study highlight the need for a comprehensive comparative study on the genetics of P. maximus and P. jacobaeus.
